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(: ON’I’I<OJ.  INTIC1<FACK  !J$”]’AN1)A]<l)S  lN~rJ’]A’J’]\~]~: PROGRESS TO
DA ’11;

G e o r g e  E. Scvastonl  ,
with ]/r~drri~ Agardy2, John  Allcns, F r a n k  Baucrd,  Ton] ]]atlcrs,

.Icff Boncfi, l)oug Caldwc117, J o h n  Casscrinos,  ])orian Ctla]lo11cr9,
J e r r y Clinganl  O, Ray Crun~l ] ,  TOIjI l)aroncl 2,  ],cn I)orskyl ~,
R i c h a r d l)yncs]’1, Richard l~lanaganl  5, Paul Gravcsl 6,  Joel

{; a  f]) bi 1 1 0 1 7 ,  l)onalcl Krucgcrl ~, ]<ol)crt  ~lcyal  ~, I)avid IJrt1ctt20,
W a d e Iladford21, Otilia Rod].  ig[]cz-Al\’arcz22  a n d  l)avid Wardz ~

‘1’be  Anlcrican  Inst i tute of  Aeronautics and As t ronau t i c s
(AI AA) has undertaken an impor[an[  new s t andards
initiative in tbc area of spacecraft (;uidance,,  Nav iga t ion
a n d  C o n t r o l  (CJN&C)  subsystetn  intcrf;iccs. The central
ob~cctivc of this effort  is to establish standards that  wil l
p r o m o t e  intcrctlallgeab  i]ity of major  CIN&C c o m p o n e n t s ,
thus  enab l ing  subs tan t i a l ly  lower  sl)acecraft  dcvc]oplllcrlt
costs. The  stancjardization  targets ate specif ical ly limitccj
to interfaces only, inclo(jing  information (i. e., data and
signaj),  power , mechanical, thermal a n d  cnvironmcn[al
interfaces between various C~N&C components and between
GN&C  subsystems and other  subsystc]ns. l’hc culrcnt
cmpjlasis is  on information interfaces bctwcclt various
harcjwarc  elements (e.g., b e t w e e n  star  trackers ancl flight
computers). ‘1’bc poster  presentat ion wijl briefly dcscribc
the program, including the mechanics and schedule, and
will publicize tj]c technical products as they exis[ at the
time of the conference.

1NTROI)1JC’J’1ON

During the formative days of the spacecraft il]dustry,  engineers bad to invent
the practice of spacecraft development, including” the. decomposition of
spacecraf(  into major  subsystems (like  at t i tude control ,  power and
tc.jccollllll[l  llicatioll), the development of  basic components  (jikc  star  t r ackers
a n d  inctlial  rcfcrcncc u n i t s ) , and  the dcvclopnl~:nt  of interfaces to make all
the constituent elements  operate together. Today, there is  fair  agrccmcnt
wi[bin (I]c cotnmunity  as to what the major subsys t ems  o f  H spacecra f t  arc, a n d
there. arc vendors who offer product line.s in the compone.n[  areas. But fo r
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various reasons (e.g., vested interests, personal prcjudiccs,  no accepted
slal~dards),  cnginccrs arc all still l a rge ly  wres t l ing  wi th  the  in te r faces
rcpcatccl]y f o r  e a c h  ncw spacccraf(. LJp until now, the Spat.ecraf{ industry has
been ahlc [o follow [his practice and largely get away with it. 1 lowevcr,  as
cvcryonc  knows, times have changed (see, e.g.. Ref. I ).

The space race (along witl] (he ICBM program) was undcr[akcn  in the 50’s and
6 0 ’ s  for nalional  secur i ty  r easons  and  fo r  intelna[iona]  lJrcs[igc. At that t ime ,
th~ J) Ublic  and the c o n g r e s s ,  w e r e  s u p p o r t i v e  o f  spacc cxpcnditurcs,  IJccallsc
they wc.re. f e a r f u l  o f  t h e  Soviet  LJnion, and they WCIC unwilling [o accept
being anything less  [ban best after wining (he world war in [hc 40’s ancl after
the rapid growth  and tremendous prosperity of the 50’s. A l s o ,  i( was new and
exci[ing. It captured the public’s imagination. The  possibi]  itics for
comnlcrcial  exploitation, f i r s t  i n  lclccorl~nlLlnic:ttiol~,  and  l a t e r  in  f{arth
rcsourccs  management were clear and seductit’e. After  [he ex t raord ina ry
success of [he Apol Jo program, however, the public’s  cllthusiasm  began to
Wane. Now, with Ihc break up of the Soviet Ul]ion and the cncl of the cold war,
the loss of interest is more or less complete. The traditional selling points no
longer sell. Couple this with today’s deep recession and government down-
sizing, and the rcsu]t is major problems for [he spacecraft  inclustry. The
comlncrcial  sector  is hit as hard as defense and space.  science.  because of fierce
competi t ion from al ternat ives {o space technology, like fil)cr optics and
airborne or  bal loon bort)c p la t fo rms .

Today, the livelihoods of aerospace professionals arc at risk, and it is time to
get serious about J~roccss improvement and cost contain  mc]lt. It has been
dcmonstratccl  many times in many other high technology industries (hat one
of the most cffcctivc  ways to control costs and to stimulate vitality is to use
standard interfaces wherever possible (see, Iixhibits  1 and 2, and Ref. 2).

I“hcre  is  no reason,  in princip]c, w h y  sornctimc  in the near future, a
spacecraft designer could not call a vendor, order, for exarnplc,  a star tracker
that mee t s  h i s  o r  hcr p e r f o r m a n c e  rcql]iremcnls  and comp]ics  wi th  pub]ishcd
intcrfacc standards,  take delivery,  plLIg it into ttlcir GN&C subsys tem,  and  f ind
[hat it works the first time it is powered up. Ibis has, aftct all, been achicvcd
in other industries whose components arc just as complex as those found in
spacecraft. Consider the microcomputer industry for example.. It is now
possible to buy a printer off the shc]f, take delivery, take it out of the box, plug
it into the wail  and a microcomputer, and print professional looking
documents in minutes. Ail that is required to get to this point in the aerospace
inclustry is cooperation.

‘1’o address this impor[ant  need , l’he Anlcrican  lnstitule  o f  Aeronau t i c s  and
Astronautics (AI AA) has undertaken a ncw standards initiative in the area of
spacccraf(  Guidance, Navigation and Control (CiN&C) subsystcm  interfaces. ‘1’lIC
goal of this undc.rtaking  is to dramatically red~lce  spamcraft  d e v e l o p m e n t  c o s t
by standard  iz. irlg interfaces between GN&C  subsystem components (e. g.,
ac[uators,  sensors, and computer) and software (e. g., flight computer,
operating system and applications modules), and bctwccn  GN&C  subsys t ems
and other  subsystems (e. g., command and data subsystem, power subsystem and
ground operations rcsourccs). Adoption of particular hardware solutions, as
was attempted in tbc NTASA Standard Component program of the 70’s, is
specifically not part of the objcctivc. Moreover, a special cffolt  is being made
[o formulate the standards in such a way that they do not constrain technology
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dcvclopmcnt. The overall scope of the program encompasses information (i.e.,
{iala and signal) ,  power,  mechanical , thermal and cnvironmcn[al  interfaces.

T h e  succcss  of  the effort  will bc lllCaSLJJCd by [he extent  to  w]licb, w i t h i n  t h e
next three to five years, spacecraft  CJN&C subsystcm  designers can C11OOSC  plug
aJId  J>]ay compatib]c  hardware  and  Sof tware  froln a variety of vendors, cxpc JIci
little or no cfforl  specifying the interfaces ha~ing  confidence that  al l  the
intcr~~ccs will bc compa t ib le , and integrate and test the subsystcm  quickly and
easily. At the same time, succcss will mean the introductiol~  of  ncw products ,
reflecting innovation, and offered at  Iowcr cost .

Support for the initiative is wiclcsprcad (S C C  Exllibi( 3), w i t h  a c t i v e
participation from industry (Hughes, l~ockhced, Boeing, Martin Marietta,
]Joncywcll,  Microcosm,  Acro  Astro, lthaco),  NASA (GSI~C, J1’1., JSC) and Ihc IJoI)
(ARPA, API., Acrospacc  C o r p . ,  AiJ ];orcc). Responsibility for [hc coordination
of tbc activity lies wi[h Al AA’s CIN&C Committcu OJ1 Stand ar(js (COS).

‘1’hc ini t iat ive is  being carr ied out  accordirlg  Ihc general  proccclurcs  o u t l i n e d
in Ref. 3. Tbcsc  procedures are approved by the American National Standards
Institute (ANSI), and indcccl  it is cxpcctcd  that the documents produced
through the program wi l l  rcccivc  A N S I  cnciorscmcnt. ~JldOJ%CJllCllt  b y  [hC
International  Standards Organizat ion (1S0) wil l  bc pLlrsuc.ci  concurrently.

The committcc’s  approach includes coordinating{’ closely with related activities
being carr ied out  by the Inst i tute  of  lllcctrical  and l;lcctronics  l;nginccrs
(11;1111),  the Society of Autonmtivc  finginccrs  (SAH), the Consultat ive Committee
on Space Data Sys(cms  (CCSIJS),  (bc Strategic Avionics ‘t’ccbnology  W o r k i n g
~iroup (SA3’WG) and  o the r  g roups  conccrncd  with space syslcm standarcis. The
committcc focuses OJl the unique rcquircmcnts  of spacecraft GN&C  c o m p o n e n t s
(C.g., star  trackers and reaction
organizations where appropriate.
information interfaces between

SCIIIcI)[Jl,E

A program schccttrle  covering the

WIJCCIS), exploi t ing the I)roducls of  other
The  committcc’s  current  emphasis  is  on

hardware  elclncJlts.

first four yeals  of what is cxpcctcd  to evolve
into an ongoing effort  is shown in Exhibit 4. The scbcdulc reflects the goal of
publication of onc or more AIAA standards publications (i.e., Guide,
]<cconlnlcndcd  l)racticc  or  Standard documents)  on roughly two year centers .
Standards wil l  bc rcvicwcd,  and if appropriate revised, within five years of
publication in accordal]cc  with AlAA - pro~eclurcs
iJIC]lJdCS  a pCt’i Od Of candidate standards tCStlllg
document .

]?~j N])]NG

(r<cf. 3). “1’hc scheclule
at user facilities for each JICW
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“1’hc s tandards committcc  is comprised of vol Llntccrs from a broad cross section
of directly and materially affcctcd  intc.rest groups, incl LIciing commercial
GN&C  systcm clcvclopcrs, NASA, DoD and GN&(’ conlponcIlt  suppliers .  The
submission of standards for cva]uation, as WCII as the provision of test facilities
and pCt’SOJIJI C], is also voluntary. A l A A  provi(jcs clerical  aJ]cl adJlliJli  Strati VC
slJpport,  aJ)d support  for  publicat ions,  meetings and prOJl”l Oti OJI.
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1’ROG1{Y;SS ‘1’0 I)ATII

The. committcc  has had five meetings (as of [hc date of the 1995 Keystone
Confcrcncc)  since the initiative was launched in August of 1993, one of which
was a public meeting conducted as a workshop (SCC }lxhibil  4). I t  was  dccideci  at
the first meeting (Ref. 4) that the committee should limit  its initial scope, as a
pathfinder, to information interfaces between major hardware  clcmcnts (S C C

t{xhibit  5) . Scope  cx~~ansions,  to include more of the total  intcrfidcc  p rob lem
(e.g., clcc[rical and mechanical  intcrfaccs,  etc.), wil l  occur as cxpcricnce  is
gained and as appropriate experts arc added to the comrnittcc. “1’hcsc
cxpansiorls w i l l  bc t a k e n  u p  b y  dcdicateci  subc(lmmittccs  forrncci  f o r  t h e
purpose. ‘i’hc fo l lowing  i s  a  b r i e f  summary  O( the infornlation  intcrfacc
stan(iarci  in i ts  current  form.

‘i’hc bas i c  arci~itecturc  of ttlc a v i o n i c s  shaii be oi>cn, a l l o w i n g  t h e  possibic
combinat ion of  mult iple  intcrfacc  types from a variety of suppliers in order to
accommodate oiltinli7,  c(i solutions f o r  pa r t i cu l a r  app l i ca t i ons  (l<cf. 5). The
general framework is depicted in Exhibit 6.

‘i’bc architecture allows a parallel back plane to support, for example, high
speed  ctircct  transfers bctwccn  p rocessor s a n d  m e m o r y  o r  pcrii>bcrai dcviccs
The parallel back p]anc will itself be onc of a few (perhaps jusl  one)
rc.comn~cn(icd  i n d u s t r y  stanclards. Iiuturcbus+, which is  currcntiy b e i n g
dcfine(i by the JIHHi and which wii J specifically include a sJ)acc  profile (Rcfs.
6-8), is being considered as the onc recommended stan(iard.

‘1’hc archi Iccturc  also ailows a scriai c a b l e  b u s , a iocal arc.a ne twork  (1. AN) a n d
point-to-point intcrconncctions, includin~  point-to-point serial digital links
an(i both analog and hi-level discrete links. l’llc standarcl  sJ>ccifies  t h a t  a l l
GN&C  JmriJ~herai  dev ices  ( i . e . , sensors and actuators) comnlunicatc  with the
processor that hosts the GN&C application sof[ware  through [hc serial cable
blls. M o r e o v e r ,  (IIC s t a n d a r d  s p e c i f i c s  t h a t  ali the in format ion t raf f ic  to  and
f r o m  cacb  J>criphcra] d e v i c e ,  i n c l u d i n g  heaith  and status data,  bc mllltiplexcd
an(i transfcrrcci  over the serial cable bus. The SAE’S fiber oJ>tic AS-1 773 (Ref.
9), which is a duaJ rate (i.e., 1 an(i 20 Mbps) outgrowth of the Department of
i)cfensc’s  fiber oJ~tic  MI1.-STIJ-1773  (Ref. 10), is being strongly favored for
specification as the serial cable bus for [his standard. Note that although the
arcilitccturc  al lows point- to-point  interconnections,  these  arc d i scouraged ,
and the standard provides no specific guidance on their implementation.

q’bc I.AN allows multiple subsystems on physically large sl)acccraft  to
convc.nicntiy  cxchangc  i n f o r m a t i o n . T h e  q u e s t i o n  o f  wllicll  i)articular  I.AN o r
I.AN’s to specify for GN&~  applications has not yet been considered.

Notice that the architecture automatically allows a GN&C subsystem to be
accessed through a wide area network (WAN) that may encompass multiple
spacecraft and ground terminals (e. g., as in tbc Iridium or I’clcdcsic  s y s t e m s
[Rcfs. 1 J, 12]). That is, the GN&C subsystem could intcrfacc.  with a sJ)acccraft
tclccol~~l~~~l[~icatiot~  subsystem that  includes a WAN tcrminai  through ei ther
the I. AN, the serial cable bus, m a discrete link, though again Ihc latter is
disco urage(i.

A survey of typical CiN&C pcriJileral  devices (see,
some, like star trackers,

e .g . ,  Ilxhibit 7) rcvcalcd  tha t
a rc  generaliy  sophist  i(atcd  cnougb  t o  a c c o m m o d a t e  a
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s e r i a l  cabic  bus intcffacc with m i n i m a l  itupact on their  Cosl, m a s s ,  v o l u m e  o r
power  rcquircmcnts. lndccd,  some manufactulcrs  of SUC}I  c o m p o n e n t s  alrcac[y
offer (Ilcn] wi[h MI I.- S3’11-I 553 interfaces, whose protocol  is  i(icntical to that of
AS-1773. On the other hand, others, like sun sensors, arc intrinsically of such
s i m p l i c i t y  (hat t he  in t roduc t ion  of a serial cable  bus intclfacc rcprc.  scn[s a
substantial ncw addition. Tbcrcfore,  ful l  compliance with the slanrlard  is
cxpcctcd  10 take longer for  some types of  dcviccs  than others . IIowcvcr,
c o n s i d e r i n g  the cost inlpact  of [he serial cable bus dc.cisiorl  at the overall
sys t em lCVCI, the pmposcd  standard is clearly beneficial, hccausc  the system
ICVCI savings far  ou!wcixh  the  an t i c ipa ted  cos t  incrcasc of pcriphcrats.

I/or each specific type of GN&C peripheral device, t h e  slanciard pmvidcs  a
defini t ion of [hc information content ,  formal, tin]in~,  and , where applicable,
the order. II also provides a definition of the dcvicc  !CVCI  J~rotocol (as  opposed
10 the bus protocol), and the command, measurement, Jxiramcter and status
dictionaries for each dcvicc  type. A partial list of (be dcviccs covcrcd  to date is
shown in lixhibil 8. I;or brevity,  (I1c defini t ions (SCC, e.g., Iixhihit 9) arc not
included in this poster summary. H o w e v e r ,  t h e y  w i l l  bc publicized  at Ihc
confcrcncc, as  they appear at  that  time,  withi!l  a  prel iminary draft  of  (I1c
complctc  standard. Working defini t ions are given in Rcfs. I S and 14.

A  g e n e r i c  rcprcscntation  o f  the  f low of  inform~tion  in a GN&C systcm is showJl
i n  I{xhibil 10. l.JndcT the proposed standard, the manufacturer of a GN&C
s e n s o r  o r  a c t u a t o r  will bc free to choose the ltvcl  at which to define the
i n f o r m a t i o n  intcrfacc to their dcvicc  based ott the market  they arc targeting
and the cxpcctcci  j~rofitabi]ity  of that lCVCI for  their  part icular  product . This
makes it possib]c  for JICW types of  devices, wi th  e i the r  hi~hcr or lower ICVCI
data J>rociucls  or capabi]itics  to bc introduced al a later  t ime within the general
framework of the inlcrfacc standard. }Iowcvrr,  the standard defines the
intcrfacc a t  o n c  parlicu]ar rccommcndcd  level reflecting t h e  c u r r e n t  StatC o f
the art and a reasonable projection of near term future dcvc]opments. As per
AIAA guidc]incs, the standard will rcvicwcd  and updated at least once every
five years in order to keep pace with technology and market trends.

Sys tem dcvclopcrs faced  wi th  the  t a sk  o f  in t eg ra t ing  noJlcomp]ia  Jlt pcripbcral
dcviccs  will bc advised to accomplish this  though ail aciaptcr  that is itself
compliant with the standard. Third party vendors will bc encouraged to offer
such adapters  for  J>opu]ar non-compliant peril) hcrals. Moreover, the AIAA
GN&C  COS is prepared to commission the devc]opmcnt  of Rccommcndcd  Practice
documents  (Ref .  3), to define low level intel face recolllll~cllciatiolls  (e. g.,
voltages, impcdanccs, connectors, etc. ) for such components.

TIMING

Accurate t iming and synchronizat ion of  Cri t ics]  GN&C functioJls Will bc
ensured by broadcasting a timing announcement followed by a timing mark
over the AS-1773 bus. 1( is envisioned that the central  processing clcmcnt,
which will bc the nominal bus master, will IJave access to a sufficiently
accura te  rcfcrcJlcc  clock for this purpose. Timing and synchronization

accuracy’s of better than 1 p scc arc cxpcctcd  to bc achievable.  through this
nlcthod.
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I:uturc work wi l l  focus , i n  part, on final izin{t (I]c definitions of the input and
output information conlcnl,  format, tilning, a]td o rder  fo r  MCI] of the CT N&C
p e r i p h e r a l  dcvicc.s i d e n t i f i e d  as pritlcipal  c[~mponents, and on d e f i n i n g  t h e
dcvicc  Icvcl p r o t o c o l  a n d  t h e  comn]anci,  mcasurcmcnt,  paran)ctcr  and statlls
dict ionaries for  each of those dcvicc  [ypcs. As rcllorted  above, this work has
alrcaciy  st:irtcd for many of the impolt:int CIN&C p e r i p h e r a l s . ]ndccd,  i n  some
cases, work has begun on dcviccs  not currently marketed commercially (e.g.,
magne t i c  torquer  systctn). W o r k  on the imporlanl  toJ)ic o f  c a b l i n g  a n d
connectors is jllst getting slartcd. A s  s h o w n  i n  Kxhihit  4, tllc committcc  p l a n s
to bc ready for public  bal lot ing on the information interface standard by JLIly
1, 1995, and J~lans  (o release that document b~ January 1, 1996.

S(JMMARY

An overview of AlAA’s GN&C interface standard initiative. has been presented,
an[i the currcnl  status of the effort has been described, l’ubJication  of the first
rccon~me. ncle,d standard, which will cover information i[llcrfiaces be tween
major  hardware clcmcnts  is scheduled for Jana:lry 1, 1996. As with all
voluntary stanclards, this one wil l  bc the J)r’oduct of a broac!  c ross  sec t ion  o f
m a t e r i a l l y  cffcctccl  part ies,  and wil l  rcprescllt substantial agreement wittlin
the community it serves. This paper is prcscllted  in a continuing effort to
keep the J~ub]ic  informed about  the act ivi t ies  {~f the GN&C standards committcc,
and to invite active  participation in (he dcvclopmcnt  o f  i t s  J)roducts.

l{x J)ansions of the commit  tcc’s s c o p e  o n l y  a w a i t  the cmcrg,cnce of intcrcstcd
volunteers. The possibility of intcrfacc  standatds  for GN&C software (e. g.,
bctwccn  CiN&C applications and each other, be!wcen  GN&C aJ>J>lications  and t h e
host conlJ)utcr  operating system, be.twcen GN&C  applicat ions and hardware
drivers, ancl be. twecn  hardware drivers and hardware) appears of be virgin
yet  J)articu]ar]y  fertile  g r o u n d . With the advent of automatic code generators,
the time for such standards seems right. Other inlJlortant areas awaiting
volunteers to address thcm arc the mechanical, electrical, thermal and
environmental interfaces of GN&C  components , and the interface between the
spacecraft  GN&C  systen~  and ground resources, lntcrestcd  individuals are
urged to contact the, authors .
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l;xllibit 1 . Benef i t s  o f  lntcrface Stalld:ilcliz:itiorl

‘1$0  bardwarc and software component suppliers:

l,owcr design cost - through rc-usc  of designs

I,owcr  d e v e l o p m e n t  costs  - by cxl~loiting  a  b roader  cxpcricncc  base

I;xpanded market  opportunities - multiple customers for given products

G r e a t e r  oppor[u[lity  fo r  and  emphas i s  on  innova t ion  commoditizcd
i n t e r f a c e s

Ilxpandcd  market  vo lume -  more p r o j e c t s

‘1’0 spacecraft dcvclopcrs and spacecraft development customers:

l.owcr design and dcvclopnmnt  costs  - less time specifying interfaces

I,owcr  mtinufacturing  c o s t s  - less time illtegra[ing  and debugging

lower  r ecur r ing  cos t s  -  t h rough  Iowcr conlponcnt  cos t s

MOI-C  reliable components - more experienced suppliers

M o r e  capab]c  compc)ncnts  - throu~h  incrcasc  s u p p l i e r  cmpbasis  o n
i n n o v a t i o n

More capable systems - by applying money saved to additional systcm
capabil i ty .

To the aerospac.c  i ndus t ry :

(ircatcr number of projects - due to lower project costs

Shorter  development titncs  - more opportunities to usc off-the-shelf
c o m p o n e n t s

]ncrcascd  pace of i nnova t ion  - becomes critical element of competition

8

Ncw business opportunities - for example, technical application software,
bundled components (i.e., ncw levels of integration), inte.rfacc components
an(i dcviccs.
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Ilxhibi[  2 . }’olential  Cost Savings

A r e a s  of polcnlial  savinf~s:

T i m e  spent  spec i fy ing  in te r faces  and

~’imc spent designing and developing

“i’imc spent  i n t e g r a t i n g  a n d  dcbu~ging

Asscssmcn(  of potential  savings:

Fiotn ]ntcrfacc  Standardization

interpreting in(crfacc spccifica(ions

custom  intcrfacc.s

systems

Dricf conse rva t ive  ana lys i s  o f  OIIC rcprescntativc  spacccraf(  i nd ica te s  tha t
at Icast 10% of the attitude contrc)l  system budg,ct  is a potentially avoidable
cost  associated with custom interfaces.

Rcsull  appears to apply 10 spacecraft overall.

If applied to the entire NASA buclgct, d~is coold amount to over $11] pcr
y e a r .

llxhibit  3. Organizations Represented on Committee

Advanced Research Projects  Agency
Acro Astro
Aerospace Corporation
A i r  I;orcc Ph i l l i p s  I..aboratory
Applied Physics I.aboratory
Boeing
Gocidard  Space l:light Cen te r
]Ioncywcll  S p a c e  Systclns
Ilughcs S p a c e  a n d  Colllmonications
lnstitutc o f  E l e c t r i c a l  a n d  liicclrotlics  Ilngincers
Jthaco
Jet  Propulsion I.aboratory
Johnson Space Center
I.ockhecd  Missiles and Space Company
Martin Mariet ta
Microcosin
Society of Automotive Iingincers
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]ixbibit 5. Overall  Scope and Current l:ocus

lntrxfaccs Etetwxm  Ma]QcHardware&!enKnts:
~hrkmnaticm (Oat. A n d  .$igmrl;Arc~TPhysical  Ch —anZ517!lmnect0r~  grralmg, Protocols, rxcllonartes)——..—— 1

Electrical (Power)
Mcchanlcal

Thermal
Environmonlal

Software Interfaces:

Between GN&C  Applications (Data Passing)

Between GN&C  Applications And Operating Systems (Timing And Sequencing)
Between GN6C Applications And Hardware Drivers
Between Hardware Drivers And Hardware

Interfaces E!WWCD.GLK!C  S@xiYsWn  MM  Qlhe@@x.Ys@S:
Command And Data

Power
Ground Operations Resources

GN&C  Flost Computer System

Backplane
(one unique standard or
one of many accepted
standards)

—.—. —

●  ☛ ☛

Intuface card (provided by host
—

computer vendor, peripheral device
manufacturer or third party) /

GN&C
peripheral
device

Peripheral
device
interface
(provided by
manufacturer)

Point-to-point interconnection
over an accepted standard
interface, or analog channels, or
discretes /

\

\
Processor card

Spacecraft LAN (could be the
same as the serial cable bus
used for GN&C peripheral
devices)

_~.,c.~,ebus(A.-l773

(’R
currently being considered
for specific recommendation)

::
. .

GN&C
peripheral
device

— — .

I;xbibit  6 . Archi tectura l  Framework
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lixhibit  7 . S u r v e y  of lnforlnation interface.s fol Gimbals

Ov ICI{  v 1 ltW

Gilnbals  for acrospacc  and space applications come with a wide variety of
clcctricai  intcrfaccs, reflecting the. many possible gimbal designs and
spacecraft systcm  designs. A  rcprcsentativc  sample of  ~itllbal  des igns  arc
provided, with a summary table that supplies in fornlation  about the interfaces
Used.

‘]’hc va r i a t ion  in  g imba l  dcsigils is oftc[l the result of [he spccializ.cd na tu re  o f
c:ich g imbal , as WCII as the lack of a standard for spacecraft subsystems
clcc[rical interfaces. Although the gimbal designs wil l  probably contin  Llc to
bc spccializ,cd, the e lect r ica l  in ter faces coulct  bc designed to usc a  s tandard
intcrfacc, even if the number and types of paramctcl-s passed across that
interface wc.m not standard. Many gimbal designs in the past used analog
intcrfaccs,  and this often made sense for simpler spacccl-aft. Now that
spacecraft arc almost universally operated using imbcdclcd computer systems a
digital bus interface bccomcs  the obvious choice.

in gimbal applications, the gimbal requirements will no( drive the choice of
an intcrfacc, cxccpt  in the case of high bandwidth applications such as fast
steering mirrors. 13US interfaces such as ] SS3, ‘422, or I “173 should often be
adequate, since most  space flight applications will rcc]uirc data rates of Icss
than 100 117,. The 1 “/73 bus interface does have the advantage of isolation and
lower power. Othcr  sensors, such as p,yros and optical scIiso Is, wil l  probably
dr ive  the  systcm rcquircmcnts  for  bandwidth.

S1’AClt  QUAI,JFIIU)  GIMBAI.  INT13RI~ACES -  A  SAMI’I.l NG

The following table provides information on four rcprcscntativc  gimbals that
have space flight cxpcricncc  or have been qualified for space. They illustrate
variety of gimbal designs and interface. in~plcl~~el~tatic)lls  that exist,

Unit: Ga l i l eo  Sp in IIcaring  Asscrnbly  (SBA)  a n d  S c a n  A c t u a t o r
S u b a s s e m b l y (SAS)

The SDA on the Galileo spacecraft de-spins the de-spun platform from [he spun
scclion  of the spacecraft, stabilizing the platform in inertial space, ancl
ar t iculates about  the dc-sJ>un position to provide clock pointing (about the
spin axis) for the de-spun science platform. ~’hc SAS articulates the scicncc
platform pcrpcncjicular  to the spin axis. Rruslllcss  d-c molors a rc  used  fo r
control and absolute position encoders (provided by Bl;l)  arc used for motor
commutation and position feedback. The SBA and SAS actuators and c]cctronics
were designed and built by Sperry Space Systems for C)alilc.o,

C o n t r o l n40d~:

The S13A/SAS arc controlled by commanding torque values to the motor, based
on encoder position and gyro information (the gyros arc moun[ed on the SAS
scicncc p la t fo rm.

Intcrfa  cc:

1 2



Custom  l)igital  11[1s. ‘1’hc SIIA/SAS  interfaces with the Atlitudc  and Articulat ion
Control  Subsystcm  (AACS)  computer  on the spun section through rotary
t r a n s f o r m e r s  an(i the lk-spun  C o n t r o l  lilcctronics  (l)E(J~l~), using a cLIsIon~
serial  intc.rfacc  bus at a 15 IIz, rate. The JIELJCI  multiplexes the AACS computer
to the SBA and SAS r e d u n d a n t  u n i t s  (A & B), as well as otbcr AACS p e r i p h e r a l s
mounted on the tic-spun platform. The DI;UCE sends a 403.2 kllz  clock signal
and a 20 hit 1-W coded data word to the SllA/SAS,  and a 20 bit RZ coded data word
is simultaneously returned to the I)li(JCli.

Jn puts:

lJigital. A 2.0 bit data word is sent to the SBA/SAS in the foliowing  f o r m a t .

Ilit Number:
1 -4  l)li{JCil  port
redundant  units
5-9 Always “O”
10-20 11 bit 2’s

o u t p u t s :

address (dctcrmincs
arc addressed)

complement torque

whctbcr  SIIA, o r

value, 1.,S1) first.

SAS, and prime or

Iligital. A 20 bit ciata word is sent to (he IjEUC1; in the following format.

Dit Number:
1-16 11 bit 2’s complement ensodcr  position \alue, 1.S11 first
17-20 Dli[JC31 port address. Thi> is the address that was part of the original data
word sent to the. S1l A/S AS.

Analog ‘1’cnlpcrature n]casurcnlcnls. T w o  a n a l o g  ( O - 5  v o l t )  tenlpcrature
mcasurctncnts  a r c  p r o v i d e d  d i r e c t l y  t o the spacecraf t  ~on~tnand and Data
Subsystem. These voltage measurements are the result of applying a I ma
c u r r e n t  t o  the tempcratllrc s e n s o r s .

[JNIT: MA[;I;I.I.AN (MGN) SOLAR A R R A Y  l) RIVJ;  (SAD)

The SA1> articulates the MGN solar arrays about the their  axes (parallel to the
spacecraft X axis). Each drive consists of a stepper motor driving a solar array
panel through a harmonic drive assembly. Redundant potentiometers are used
for position feedback to the AACS computer.  Each motor step is cqLlaj tO .0075
degrees .  l’hc knowiedgc  accuracy requirement is  +-/- 1.0 Yo of fLlll  scale. The
range of motion is +/- 175 dcgrccs  and the maximum r:itc is 1.879 degrees/scc.
The SAIJ actuator anti its associated Elcctroiiic  Control LJnit  (EC[J)  were designed
a n d  built  b y  Scbacffcr  Magnctics incorporated (SM1) under  subcontract to
Martin Marietta Acrospacc. The AACS computer interface electronics were
designed to interface to the IICU.

Con t ro l Mode :

Motor steps. The position loop is closed ill the AACS computer, w h i c h
commands  the  number  of moior  steps ncccssary to reach the desired position
based on the position knowledge.

lntcrfa cc:



Cuslom design. “1’hc MGN AACS computer intcrfacc  was designed to
accon~nlodatc the SM1 lKLJ. Magcllan  sends commands at  a  ralc of i .875 Ilz..
IJiscrctes  arc used [o contro]  the motor  enable,  direct ion and power hold
functions of the mo[or, and ihe motor is controlled by clock signal to the lWIJ,
where  Ihc number of clock pulses dcfilles  the number of motor steps
c o m m a n d e d  a n d  the frequency of the clock  signal cicfincs  {he moto r  s t epp ing
rate. Magcilan  LJSCS a stepping rate 252 117..

I n p u t s :

I)iscretc  Sicna]s. ‘1’hc Ioflic Icvcls  for the d i sc re te  comn~ands  a rc  de f ined  as
>8.25 volts ‘= “l”, <1.0 Vois = “o”. The discrete commancls arc:
Motor Ihable “O” will enable motor stepping.
l)ircction “O” will cause counter-clockwise rotation.
POWCJ’  IIold “O” will cause power to bc applied to the motor winc]ing  to
holding torque.

Motor sten command. The motor will stcn every time the step command

increase

lo~ic
ICVCI  Iran;  itions from a “I” to a “O”. ~’hc’ maxin;um stepping r;tc is 252 lIz ‘with
a duty cycle of 500%.

o u t p u t s :

l’otcnliomctcr  position. This is a -S voll  to +5 volt signal. This is convcrled  to a
10 bit digital in the AACS computer interface electronics.

[lNIT: OCItAN TOPOGI{A1’IIY  liXPItRIMENT (“J’OPl~;X/I’OSItII}  ON) IIIGII-
G A I N  AN’1’ltNNA S Y S T E M  (lIGAS)

The IIGAS  articulates the ‘1’OPIIX  IIigh Gain Antenna (}IGA) in two axes through
a solid cone of -t/- 110 degrees lo allow conlmunica[ion  the Tracking and IJata
Relay Satellite (TDRS). The required control accuracy is 0.71 degrees and the
knowledge  rcqLlircnlcnt  is 0.3 degrees. The Steering Control Electronics (! SCI;)
unit monitors the difference between the sensed  position of the antenna and
the commanded position and slews the antenna at a rate of 0.5 degrees/second
to correct the position when an error is sensed. Resolve.rs are used for
position indication and control. The gimbals are actuate.d by 2-phase 4-pole
brushlcss  IIC moto r s . The IIGAS has been used on other Multi-Mission-Modular
Spacecraft (MMMS)  such as SMM and MAPS. HGAS was designed and fabricated
by Sperry Space Systems under contract to Fairchild Space Company.

Con t ro l Mode :

Position Command. The spacecraft On Board Computer (OIIC) commands the
dcsirccl antenna position.

Inlcrfa  cc:

Custom design to interface to the MMMS Remote lntcrface  ~Jnit  (RIU). The RILJ
was used on MMMS spacecraft such as SMM, I.andsat  4/5, TOPEX,  etc., and
accommodates digital, analog, and discrete. commands and telemetry between
spacecraft peripherals and the spacecraf[  0}3C. Commands can be sent at a
periodic rate of 512 milliseconds.
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111 puts:

1Ji8ital  Signals. ‘1’hc fol lowing digital signals arc provided from the RIU (0 the
SCII{ [o provicic  c l o c k  rcfercnccs or for  the digi tal  conlnlanc!s  and tclcmctry.

1.024 Mhz Clock
S e r i a l  Command  Clock
Tclcmctry Clock
Serial  Colnn)and  I)ata
SCI~ Scri:il  T1.M IJata

IJigital Commands. There  arc (WO serial 16 I)i( commands used to command the
I]GAS,  clocked to the SC]; using a 256 klIz clock from the l-?l LJ and enabled by the
serial magnitude command enable cliscrctc  colnmand. “1’hc signal and clock usc
5 volt logic (J = 5v, O = Ov). l“hc first command (Word 1 ) is used repetitively to
command the position of each axis, and the second (Wol-d 2) is used to  command
the gimbal heater modes ,

Woid 1  bits:
O spare

1 Command Word Select O = Word 1
2-3 spa re
4 Command %lcct  1 := GO
5 Axis Select Y = I
6-14 9 bit position command (14 MSD)
1.5 Sign O=+

Word 2 bits:
o
I
2
3
4
5
6
7
8
9

spare
Command Word Select 1 =: Word 2
Gimbal Motor Enable/l)isablc 1 = Enab]ccl
Y Axis Gimbal Motor Ileatcr  Override linablc/l)isablc 1 = lktblcd
X Axis Gimbal Motor Ilcater  Over r ide  l{nable/J)isablc  1 = Ih]abled
spare
Y Gimbal Iicatcr  Enable/l)isablc 1 = l;nablcd
X Gimbal Ileater  Enable/l>isable 1 = l{nablcd
Spare
Ikploy  Signal Override

10-15- s~~arc  -

Discrctc  Commands. Discrctc  commands arc inlplcmentc(i  using  two kinds of
interfaces. A Type 1 intcrfacc  is an open collector output which provides a
switch closnrc  to grouncl. ‘1’hc second type of  ctiscrelc  (Type 2) is a +28 volt
pulse with a pulse wid[h of 6.5-7.0 mscc, ‘Ile ~’ypc 1 ctiscre[cs a rc  osed f o r  t h e
Serial Command linab]e,  the Serial TI.M Data Enables and the X/Y Gimbal
Override. The Type 2 command is used for switching latching relays, usually
i n  conjunction  w i t h  a  ‘1’ypc 1 intcrfacc  f o r  t h e  r e t u r n  linr  of the  relay c o i l .

Discrete q’ypc 1 commands:
Setial  C o m m a n d  }inab]c A (“)2.2  pscc  pLIlsc w i d t h )
Serial  Command Hnablc 13 (72.2 psec  pa]se width)
X Gimbal Override
Y Gimbal Override
Serial  T1.M l)ata  1 Enable (47.1 pse.c pulse width)
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S e r i a l  TI,M l)ata 2 linablc  (47 .1  pscc  p u l s e  width)
Sc[-ial  ‘1’l,M IJaia  3 linablc  ( 4 7 . 1  psec p u l s e  wid~h)
Serial TI,M l)ata 4 Enable (47.1 psec pulse wiclth)

Iliscrctc ‘1’ype 2 commands:
SC}; I’owcr ON
SC]; Power 01:1:
SC1l  Ilcalcr l{ntible
SCli }Icalcr I)isable.
SC1i  Ilcatcr Ovcrridc  E n a b l e
SC]; llcatcr Ovcrridc  I)isablc

Olltputs:

l)igi!al  ‘1’clcmctry. l’hc SCE has four serial 8 I]i[ digital wrords,  read oat t h rough
scpara!c  in te r faces  using a 256 kHz t e lemet ry  clock signal  from the R1[J,
enab led  by the serial digiial  data enable discrctc  c o m m a n d . The signal and
clock usc 5 volt logic (1 = 5v, O = Ov). lnstcad  of the tclcmctry  providing the
c!igilal  position, the commanded position is pl-ovided in digital form, and the
error signal is provided as an analog signal. ‘1’he four telemetry  words  a rc
dcfilled  below. The redundant side words arc not shown.

Word I bits:
0-6 Y l’osition Commancl  Magn i tude  7  MS13’S
7 Y l>osition  Command Sign

Word 2 Bits:
O-1 spare
2 Y Axis Ilcatcr  T1.M 1 = I{nablcd
3 Y A x i s  Ovcrridc llcatcr T1,M 1  =  E n a b l e d
4 X Axis IIcatcr  T1.M 1 = Enabled
5 X Axis Ovcrridc  Heater TI.M 1 = Enabled
6-7 Y Position Command Magnitude 2 1.S13’s

Word 3 Bits:
0-6 X Position Command Magnitude 7 MS13’S
7 Y Position Command Sign

Word 4 Bits:
()-2 spare
3 Motor IMable T1.M 1 = Enab led
4 - 5  sj~arc
6-7 X Position Command Magnitude 2. 1.S13’s

Analog Telemetry. ‘1’hc. ana]og telemetry is provided as a signal which varies
from 0-5.12 V. The tcmpcratare  telemetry is similar, bl]t is energized by a 1 ma
cur ren t  pulse  from the RIU. The analog signals arc plovide.d below.

SCE Y Position TI.M
SCli X Position T1.M
SCI} Y Position Ihror  T1.M
sCll X Position ljrror  T1.M
SCI1 Temperature TI.M
Y Axis Gimbal Tcmpcraturc  TI.M

16
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X  A x i s  Ciinlbat ‘1’cmpcraturc  T L M

I \ i - l eve l  l)igital  Tclcrnclry. ‘1’hcsc  s i g n a l s  j)rovictcd  s(atus for various functions.
A logic I is 3.5-15 v, and a logic O is -1.0- +-1 .5 v. 3’I]c si~,l~als  are:

SCI; Y Gilnbal l)isab]c
S0; X Gimbal I)isablc
SCI; Ikp]oy  Status
S(:I; Stowed status

SC1j  Gimba ls  Ccn[crcd  Status
SCE Power ON
SCli <~lock Status
SCI; Ilcatcr  T1.M
S(:1; I Icatcr  Ovc.rridc “1’1 .M

[J NII’: lN’1’ItGRA’I’I;D  MIRl?OR  1’OIN’I’IIVG S}’ST]tNl (]hfi]’S)

“1’hc,  ]MI)S articu]atcs a 50  inch  f l a t  mirror in two axes with a  s tabi l i ty of  S pracls
and an accuracy of 22 p rads. The space qualified IMPS was developed by
Orb i t a l  Scicnccs  Corpora t ion  under  contract  if) I,ockhccd  Miss i les and Space
Company for  the canceled Shutt le-based S1>10 Starlab  I’roglanl.

control Mode :

“1’bc IMPS can operate in 3 different control
incluctosyns arc used to d~ivc the gimbal  to
m o d e ,  the gimbal is driven at a conlrnandcct

rnodcs. In tllc posi( ion mode, the
a commanded posi t ion;  in  the rate
rate using a tachometer as the

feedback sensor; and in the gyro mode the IMPS  is dritctl by analog torque
commands, using the. gimbal mounted rate gyro for a feedback sensor.

I n t e r f a c e :

The IMPS  uses a custom interface to the Starlab  F’ast Servo Processor (FSP).  The
serial  digi tal  interface uses asynchronolls NR7-L coded differential signals
(261. S30/33) at a 9600 baud rate for commands and telemetry. l-he word Icngth
is 16 bits, with 1 start bit and 1 s[op bit per word, MSB  first, in 2’s complement
format. ‘Mc digital interface can support 50 comn~ands/scconci  and 60
tclclnetry  sanlplcs/second. An analog -t /- 5 volt intcrfacc  is used for  the
torque commands.

Illpll!s:

I)igital  l)rivc and Monitor Request  Commands can be either two or seven words
per burst. Commands  inc]ndc Control, lvlodc,,  and I)ata  commands for operation
of the gimbal. Data commands can include position (16 bi[ resolution) and rate.
Aualog  IIrivc  torque s ignals  (+/- 5 volt) arc provided to the lM1’S for usc in the
g y r o  (torqucr)  m o d e .

outputs:

I)igital  Monitor data. I)ata is formatted as one., two, three. four or six words per
burst. l>ata can include. mirror gimbal position (16 bit resolution), rates, an(l
sta(us. I>ata is sent in response to interrupt dri~cn data requests form the 12S1).
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lixhibit  8. Iiarclware Elements  C o v e r e d  (0 I)atc

Star Sensors
Sun Sensors
lIorizon  Sensors
Gyros
Global  Posi t ioning System Rcccivef’s
Ma Snctonlctcrs
Magne t i c  Torqucrs
Thrus te r s
l{c:]ction/Mol~~et~tul~l  Wheels
Control Moment Gyros
Gimbals

rziiisl

‘ ‘//>  ?~;(..g,

Final data products (e g , Faltered
- -
1- attitude sla!es,  hlterect  fates

I faltered ephemerides)

Supewisory Command (e g , outer servo
Pmsassing loop, salety  limiting]

I

I (e.g., sensor fusion, Idtoring.
I automatic cahbra!ion) I ;2%!! _ ]

I

I Intermediate data preducts  (e.g,
[r-b attitude quaternions) T 1 Inlermedta!e level cemmands

(e g., commanded re!es)

II
(e.g., s!ar ID, kinematic

II solution, pesition  aolutom
II atti!udo  aolulion) P*?1 p“SE~  :&@\~fOOP!
II
llr_> Primitive data products (e.g.,

11,
cenfroids,  angles, rides)

1
111 (e.g., scaling, compensation,
11, aggregation, integrafiOn) E-EI
11,

11;
II r--
,,1,

[

,.—.

+

Sefial Cable Bus
Intedace

. ..—.

Raw meesuremen!$ (e.g.,
voltages, currerlts,  error
signals. phase angles, cOuntS)‘1

CJ2EII

4 - ,

I
I
I
I

4- ,1
,1
,1
,1

1
,1

F,fimitivo  conm>ands 4
[e.g., torques)

+:

1 ’1

[

2

EIcmenwV  Command (e.g., conversion, signal 1 ’1

Processing condlioninQ,  saletv ilrnitind 1’1

[’,
Drive signals (e .g , 4- 11’,
voftages,  currents, Pulses) It:!

bHLl I
t

TSerial Cable BUS

Irdefiace

Exhibit 10. ]ntcrfacc  I. CVCIS



]Ixhibit  9 . Spacccraf[  Gimba]
Rev. 2 ,

Strawman  information
January 29, 1995

ntcrface  Stand arcl,

Spec i f i c lSSUCS

S e v e r a l  p o s s i b l e  con] Inand types

-  p o s i t i o n  il)CICJnCJ)t
-  p o s i t i o n

s p e e d

-  Iorqac
sclcctab]c

Several possible dcvicc configurations

integrated cncodcr
integrated t a c h o m e t e r
i n t e g r a t e d  t o r q u e  scJ~sor
il)tc~ratcd  t r a c k e r

co Jnbinatio J]s o f  iJlte~rated  f e e d b a c k  scJlsors
scnsor]css

Se.vcral  p o s s i b l e  p r i m e  m o v e r  t y p e s

-  torqucr
-  s t e p p e r  m o t o r
-  p o s i t i o n e r

several p o s s i b l e  n u m b e r s  aJld t y p e s  o f  dia~Jlostic  scJlsors

m o t o r  c u r r e n t  a n d  tcmpe.rat[Jrc  fo r  each  ax i s ,  p l u s  d r i v e  e l e c t r o n i c s
t e m p e r a t u r e  f o r  e a c h  a x i s

tcmpcraturc  a n d  Jnotor c u r r e n t  f o r  e a c h  a x i s
m o t o r  c u r r e n t  f o r  e a c h  a x i s

tcmpcraturc  for each
none

G e n e r a l I s sues

Several timing options
of control  SyStCJllS)

- fixed rate
interrogated

axis

( r e q u i r e d  a s  a  r e s u l t  o f  t h e  Scncr:i

S e v e r a l  d i f f e r e n t s y n c h r o n i z a t i o n o p t i o n s

SyJ)ChrOJ)OUS

a s y n c h r o n o u s  (i. e., free runn ing ,  t ime  tagg~d)

c o m m a n d s

Ilasic  dcvicc coJn JnaJlds

t i m e  c r i t i c a l  n a t u r e

1 9
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8 bit 2’s complement  digilal
- AS-1773 link

includes coded requests for
i n c l u d e s  codc(i rcques(s  for

and temperatures, and drive

word

a prime mover command
diagnostic telemetry data
e.lcctronics  temperatures)

includes coded commands to cncrgizc  heaters, motors,
includes feedback sensor measurement timing  mark

l>rinle  m o v e r  c o m m a n d

32 bit 2’s complement digital w o r d
- AS-1773 link

clla Jlgc, including axis
(e. g., motor currents

C.tc .

communicated to prime mover within a 10 mscc latency (i. e., interface
contr ibutes no more than 10 Jnscc to overall actuator Iatcncy)

M e a s u r e m e n t s

I;ccdback  sensor mcasurcmcnts  ( w h e r e  a p p l i c a b l e )

up to sixteen 32 bit 2.’s complement digital words
- AS-1773 link
- f ixed sensor sequence:  encoder,  tachometer  torqllc  sensor  to tracker
- fixed axis sequence: outer to inner for cac.lt  sensor type

all axes communicated in groups for each sensor type
r e t u r n e d  w i t h i n  1 0  Jnsc.c of timing mark  ( i .  e . , interface contributes no more

than 10 mscc to overall sensor Iatc;cy)

‘I”clcmctry sensor  measurements

up to nine 32 bit 2’s complement digital words
- AS-1773 link

includes measurements of temperatures and motor currents
- fixed  sensor sequence: drive electronics temperature, motor
t e m p e r a t u r e
- fixed axis sequence: outer  to inner for each sensor type

all axes communicated in groups for each sensor type
returned within 1 sec of query (i.e. interf:ice contributes

to overall sensor latency)

P a r a m e t e r s

Configurat ion data

table of sixteen 8 bit 2’s complement digital words
i n c l u d e s  c o d e d  d e s c r i p t i o n  of type of Pril-nc nlover

no

current to motor

more than 1 scc

inc]udcs  coded description of t~pe of ~ccdback  sensor (if any)
includes coded description of control configuration
includes description of number of axes
includes coded description of number and types of diagnostics sensors (if

a n y )
loaded  into flight software as data table, as part of dcvicc  driver, or through

self  configuring network communications

20


